This article reviews the research on the use of graphene and related materials in the photoanode of dye-sensitized solar cells (DSSCs). Graphene-based materials, such as pristine graphene, graphene oxide, and reduced graphene oxide, have properties attractive for various components of the DSSC photoanode. We first provide a brief introduction to graphene properties and analyze requirements for making a high-performance photoanode. Then, we introduce applications of graphene-based materials in each part of the DSSC photoanode, i.e., the transparent conducting electrode, the sensitizing material, and the semiconducting layer. Particularly, we discuss how the incorporation of graphene-based materials in those components can enhance the photoanode performance. It is clear that the outstanding properties of graphene, such as the fast electron transfer ability, high Young's modulus, and good transparency, benefit DSSC photoanode research, and doping or surface modifications of graphene nanosheets with other materials can also improve the photoanode and, thus, the resulting cell performance. Finally, we present an outlook for current issues and further trends for using graphene materials in DSSC photoanodes.
It has become an important and urgent issue to seek clean and sustainable alternatives for fossil fuels because of the diminishing supply of these fuels, the ever-increasing demand for energy, and the environmental challenges associated with fossil fuel consumption. Many types of renewable energies (e.g., solar, wind, and hydraulic energies) have been actively explored, and related technologies for energy conversion and storage have been developed and/or commercialized for building a "sustainable energy future" (Chu and Majumdar, 2012) . Solar energy is an abundant, unlimited, and clean source and has been widely considered as one of the top options among renewable energy sources. However, since solar energy has relatively low energy density (i.e., power per unit area), the realistic and competitive employment of solar cells requires a large-scale collection area and/or high efficiency.
So far, three generations of solar cells have been developed (Green, 2001; Goetzberger et al., 2003; Jayawardena et al., 2013) . Silicon-based p-n junction photovoltaic (PV) cells, including polysilicon and monocrystalline Si cells, are the first generation solar cells, which have high efficiency but are expensive to manufacture for reasons such as the very high temperature (over 1600 °C) required to obtain Si by reducing silica. Despite the continuous improvement in the fabrication process, the energy that a Si-based PV cell can generate in its lifetime is still less than that needed to fabricate it (Ahmad et al., 2013) . To overcome the high cost issue for Si PV cells, thin-film solar cells with low cost (or the second-generation solar cells) were developed using inexpensive amorphous silicon and other semiconducting materials; however, the efficiency of the second-generation solar cells is relatively low compared with the Si cells (Goetzberger et al., 2003; Jayawardena et al., 2013) . The third-generation solar cells have been explored with the aim to achieve both low cost and relatively high efficiency. Among the technologies for the emerging third-generation solar cells, dye-sensitized solar cells (DSSCs) are considered as a technically and economically viable option, particularly in comparison with Si-based p-n junction PV devices (Green, 2001 ).
The general model of a DSSC, initially proposed and developed by Michael Graetzel in 1991, is a liquid junction device that consists of a nanocrystalline TiO2 photoanode, an iodine redox (I 3 − /I − ) pair electrolyte, and a counter electrode (CE) (also called cathode) typically made of a thin film of Pt. The same group modified the initial DSSC design and further developed a monolithic architecture in 1996, in which the CE was moved to the photoanode side and separated from the photoanode with a thin spacer of insulating material. The monolithic design reduced the cost of transparent conductive material (Kay and Gratzel, 1996) . The sandwiched structure of a DSSC is shown in Figure 1 . The whole cell is mechanically supported by transparent conductive materials, such as conductive polymers, indium tin oxide (ITO) glass, and fluorine-doped tin oxide (FTO) glass. Inside the cell, a monolayer of dye molecules, attached on semiconducting materials (typically TiO2), is hosted on the photoanode; electrocatalyst material on a CE (cathode in Figure 1 ) is separated from the photoanode by an electrolyte with a selected redox mediator. The operating cycle of the DSSC starts with sensitizers (dye in Figure 1 ) absorbing photons, leading to the injection of electrons from excited dye (S*) molecules to the conduction band of large bandgap semiconducting materials (TiO2 in Figure 1 ). After diffusing in the current collector and transferring in conducting glass, the electrons are returned through an external circuit to the electrolyte or hole conductor by electrocatalyst materials at the CE. The mediators in the electrolyte or hole conductor finally complete the circuit with a reduction reaction to regenerate dye molecules (Nazeeruddin et al., 2011) . Among all types of solar cells, the DSSC is the kind that separates photon absorption and charge transportation during photoelectric conversion, mimicking the photosynthesis process in the green leaves of plants (Gratzel, 2009 ). This separation yields significant advantage for improving the DSSC design, since all cell elements can be analyzed and optimized individually (Ahmad et al., 2013) .
In the past two decades, a lot of works have been done on each and every part of the DSSC to improve its performance. From the materials perspective, new materials and conventional materials with novel morphologies and structures have been explored extensively for each component in the DSSC. For example, various less expensive alternatives, such as cobalt sulfide (CoS), have been studied as the catalytic material to replace expensive platinum (Pt) in the CE (Wang et al., 2009 ; all-solid-state DSSCs were fabricated and reported to reach high efficiency (Chung et al., 2012) ; more recently, perovskite material was introduced into solar cell study and raised the lab efficiency record to 20.1% (Burschka et al., 2013; Zhou et al., 2014; Jeon et al., 2015) .
The photoanode serves as the overall energy conversion center and, thus, plays a critical role in the DSSC. As shown in Figure 1 , the photoanode is composed of three essential components: a conducting substrate, a layer of semiconducting material, and sensitizers. The conducting substrate is generally transparent so that light can pass through to the sensitizers. Typical candidates for the conducting substrate include conducting glass (i.e., glass coated with ITO or FTO) and conductive polymers. To ensure the cell performance, the conducting substrate is required to have high light transparency, high mechanical strength, and low surface resistivity. It should be noted that opaque substrates (e.g., metal foils) are used occasionally for the photoanode due to the limitations of some photoanode manufacturing processes; in these rare cases, light comes into the cell through the CE (Kalyanasundaram, 2010) .
To achieve efficient electron transport, the semiconducting layer optimally should have a large bandgap, good conductivity and stability, and appropriate morphological structure to maximize sensitizer loading. Many wide-bandgap oxide semiconductors have been investigated in the DSSC photoanode, including TiO2, ZnO, and SnO2. These semiconducting materials are usually structured to provide a high surface area for increasing the loading of sensitizing material. Using TiO2 nanoparticles as an example, particles at ~400 nm are usually used as a scattering layer to enhance photon absorption, and particles at ~20 nm are used to create a mesoporous structure (Zhang et al., 2007; Haynes et al., 2011) . Additionally, TiO2 can absorb ultraviolet (UV) light and, thus, serves as a protector for organic dyes that are instable under UV illumination (Hagfeldt et al., 2010) .
For sensitizers, thousands of different sized organic molecules have been introduced, and they are commonly based on big π-conjugation (Ahmad et al., 2013; Yang et al., 2014) , such as N719 and N3. Different from traditional sensitizers, perovskite materials are cubic crystals and have outstanding performance and stability (Kojima et al., 2009; Etgar et al., 2012; Burschka et al., 2013) . All sensitizers are generally designed and optimized to have high absorption at the visible light band, up to a wavelength at ~800 nm (Nazeeruddin et al., 1999; Kalyanasundaram, 2010) .
Because the photoanode is at the core of the photon-electron conversion process, improvements of the photoanode design are crucial for building high-performance DSSCs. Generally, key factors to be considered in developing DSSC photoanodes are as follows: transparency and electron collection of electrodes, photo-electron generation rate, electron injection, diffusion and transfer ability, and charge carrier recombination rate. Transparent conducting oxides (TCOs) (e.g., ITO and FTO) have been widely used in conducting substrates because they offer good transparency and electron collection rate; however, the cost of TCOs is relatively high. Photo-electron generation is dependent on the electronic properties of sensitizers. Optimizing the band structure of sensitizers can improve the photon-electron conversion process and especially maximize the extinction coefficients in the near-IR region (Hagfeldt et al., 2010) . Electron mobility is closely related to the semiconducting layer; to preserve high electron mobility, it is preferred to have small electron injection barriers between the sensitizer and the semiconducting layer, a long diffusion distance, and a fast transfer ability (Hagfeldt et al., 2010) . The charge carrier recombination rate depends on the whole kinetics of electron removal and recovery and can be found by calculating the exciton lifetime (Hagfeldt et al., 2010; Halme et al., 2010) . Since most of the efficiency and generated energy is lost during these processes, studies on the photoanode are always focused on finding solutions to these issues.
With the rise of graphene-based materials, researchers quickly realized that the properties of the atomic thick carbon sheet (e.g., fast electron transfer and good optoelectronic properties) are promising for solving many concerns in DSSC research. For example, many studies have shown that graphene-based materials can be used as electrocatalysts in the CE to achieve outstanding performance, potentially replacing platinum-based catalysts (Roy-Mayhew et al., 2010; Choi et al., 2011a,b; Zhang et al., 2011; Zhu et al., 2011; Lin et al., 2013) . These graphene-based materials include graphene oxide (GO) (Kavan et al., 2012) , carbon-graphene nanocomposites (Stefik et al., 2013) , CoS-graphene composites (Das et al., 2012) , freeze-dried graphene (Hung and Wang, 2014) , vertically-oriented graphene sheets , and so on. Electrolytes with graphene as conductive media also have achieved great improvement in comparison with traditional liquid electrolytes (Ahmad et al., 2011; Gun et al., 2012; Jung et al., 2012; Akhtar et al., 2013; Brennan et al., 2013; Chan et al., 2013; Neo and Ouyang, 2013; Wang and Hu, 2013; Yuan et al., 2014) . Introducing graphene into photoanode designs opens up rich opportunities in DSSC research since graphene-based materials have the appropriate properties to strengthen each part of the photoanode: (i) the high visible light transparency and Young's modulus make graphene a good candidate for transparent conducting electrodes; (ii) the ultra-fast electron mobility and semi-metallic properties allow graphene to possibly serve as a charge carrier and as transfer media; and (iii) tunable bandgap and photon absorption even give graphene the potential to be a sensitizing material.
Compared with traditional DSSCs, cells with graphene photoanodes have indeed demonstrated improved performance. Meanwhile, the abundant carbon source and the simplicity of synthesizing graphene-based materials can potentially lower the cost of graphene-based DSSCs. Although the mechanisms for graphene to enhance the performance of the DSSC are yet to be fully understood, encouraging results have been obtained in applying graphene materials to DSSCs, which justifies the necessity to further investigate the use of graphene-based materials in DSSCs.
Many studies have demonstrated advantages when graphene-based materials were used in different parts of DSSCs. Nevertheless, the majority of the works have concentrated on graphene materials in the CE rather than in the photoanode, because of the relatively easy chemistry and fabrication of the CE. These works have been summarized in several review articles on graphene-based materials for DSSC CE (Calandra et al., 2010; Kavan et al., 2014) . On the other hand, the studies on graphene-based photoanodes have been only briefly introduced in some reviews (Brennan et al., 2011; Chen et al., 2013a; Kavan et al., 2013; Macaira et al., 2013; Roy-Mayhew and Aksay, 2014) . Considering the critical role of the photoanode in the DSSC, a comprehensive survey of the recent studies on graphene-based DSSC photoanodes is deemed necessary for better utilizing graphene's attractive properties and ultimately improving the performance of DSSCs.
We here present an overview of the recent advances in the research of graphene-based materials for DSSC photoanode applications. We start the review with a brief introduction to the properties of graphene-based materials, which is useful for understanding the motivation behind the extensive exploration of graphene in various applications, particularly in DSSCs. We then discuss in detail the graphene-based materials that have been studied in the DSSC photoanode as different functioning components (i.e., transparent conducting electrode, semiconductor material, and sensitizer) and examine the reasons why the use of graphene can help improve the cell performance. In the end, we provide a perspective for the future research of graphene-based DSSC photoanodes.
PROPeRTieS OF GRAPHeNe-BASeD MATeRiALS
According to the International Union of Pure and Applied Chemistry (IUPAC), graphene is defined as "a single carbon layer of the graphite structure, describing its nature by analogy to a polycyclic aromatic hydrocarbon of quasi infinite size" (Fitzer et al., 1995) . Nevertheless, the term "graphene" has been used loosely to represent not only pristine graphene but also its derivatives. The graphene-based materials we discuss here include pristine graphene, GO nanosheets, and reduced graphene oxide (rGO) nanosheets.
Although graphene-based materials are not the first carbon materials used in DSSCs, they show some outstanding and unique potential compared with other carbon materials. The earliest carbon materials used in DSSCs can be traced back to graphite-like carbon used in the CE to replace high-cost platinum, which was pioneered by Kay and Gratzel (1996) . From then on, different types of carbon materials have been applied in DSSC applications, including fullerene and diamond-like carbon. The more recently discovered carbon nanotube (CNT) and graphene have attracted more interest, since both have mechanical strength, electrical conductivity, and thermal conductivity superior to other common materials. Nevertheless, these carbon materials are structurally related. Figure 2 is a schematic illustrating the relationships of carbon materials. Graphene (2D) can be viewed virtually as the basic modeling unit of other carbon materials since fullerene (0D), CNT (1D), and graphite (3D) can be "obtained" by wrapping, rolling, and stacking graphene sheets, respectively (Geim and Novoselov, 2007) . Being limited by its dimension (i.e., 0D), fullerene works very differently from CNT and graphene. Comparing CNT and graphene, their properties are similar, while CNT has slightly different chemical and electronic properties due to the high aspect ratio and strain effects. Strictly speaking, CNT and fullerene are not exactly sp 2 -hybridized because of strain effects. Although graphene has no significant advantage over CNT, the mono-atomic two-dimensional sp 2 -hybridized carbon layer has a much larger and thinner surface, which leads to higher reactivity and transparency (Novoselov et al., 2004 (Novoselov et al., , 2005 Geim and Novoselov, 2007; Nair et al., 2008) .
Many methods have been developed to prepare graphene, for example, mechanical exfoliation (Novoselov et al., 2004) , micromechanical cleavage (Novoselov et al., 2005) , graphitization of SiC (Forbeaux et al., 1998) , solution exfoliation in organic solvents and surfactant solutions (Hernandez et al., 2008; Lotya et al., 2009 ), deposition from a gaseous precursor through chemical vapor deposition (CVD) (Kim et al., 2009a; Li et al., 2009; Kumar et al., 2010) , and roll-to-roll production of films grown on copper foil (Bae et al., 2010) . Among those methods, reduction of GO and CVD synthesis on metal substrates (Kim et al., 2009a; Li et al., 2009 ) are two most popular approaches because of their easiness, low cost and low requirements, suitability for large-scale production, and accessibility by most labs. rGO is commonly synthesized in two steps: first producing GO using Hummer's method (Hummers and Offeman, 1958) or modified Hummer's methods (Stankovich et al., 2007; Dreyer et al., 2010; Lee et al., 2010; Zhu et al., 2010) , and then reducing GO with reductants, such as hydrazine, to obtain rGO sheets with sizes usually in the range of 1-10 μm. This method is solution-processable and can produce a large amount of rGO sheets at one time. GO and rGO are commonly used in DSSCs, because they are graphene sheets chemically modified with functional groups and are compatible for further chemical treatments and/or fabrication processes.
One concern associated with rGO is that the reduction process often involves toxic chemicals and is not always environmental friendly; however, some "green" reducing agents and environmental friendly processes have been reported (Bo et al., 2014) . Some aqueous processes have also been introduced to prepare large quantities of rGO . The CVD method is a better way to produce large-scale graphene sheets with a highquality close to pristine graphene. A typical CVD process uses a carbon source, such as methane, and heats a substrate to high temperatures (such as ~1000 °C) under an H2 environment. Different substrates, such as nickel, copper, and SiO2, are used with different chemistry for the deposition of a graphene sheet (Mattevi et al., 2011) . Mono-, bi-, and tri-layer graphene sheets with a desirable size can be produced by carefully choosing the synthesis conditions in a CVD process, such as time, temperature, and the type and size of a substrate (Kim et al., 2009a; Li et al., 2009 ). Roy-Mayhew et al. compared graphene materials prepared by CVD methods and different reducing methods in Figure 3 . CVD prepared graphene has a lower oxygen content and a larger scale than rGO from reducing methods. The variation of properties among graphene materials requires the selection of suitable graphene materials on the basis of intended applications; for example, pristine and CVD graphene for electrodes that require high conductivity and transparency, and rGO for catalysis that demands high reactivity. As rGO and CVD graphene bear distinct properties, they are thus adopted into DSSCs differently. Since rGO sheets are usually small in size and soluble in various solvents, coating methods, such as dip-coating and spinning coating, are used to fabricate DSSC electrodes (Hong et al., 2008; Zhang et al., 2011; Jeon and Shin, 2013) . Also, because their surfaces are chemically modified, rGO sheets are used as additives to improve the electron transfer in semi-conducting material layers (Morales-Torres et al., 2012; Prakash et al., 2012) . CVD synthesized graphene sheets have excellent transparency and electrical conductivity and can be directly transferred from the synthesis substrate to suitable transparent substrates and used as electrodes to collect electrons (Wang et al., 2008; Song et al., 2013; Yang et al., 2013) .
The preparation method itself has a strong effect on the graphene properties. For example, intrinsic graphene is expected to have electron mobility as high as 200,000 cm 2 /V s at room temperature (Bolotin et al., 2008; Chen et al., 2008) ; however, most reported values are always much lower, because various types of defects are present on graphene sheets synthesized from different methods. Holes and grain boundaries as shown in Figure 4 are common defects in a graphene sheet. These defects may affect graphene properties in many ways, from chemical and electronic properties to mechanical and optical properties, which further influences the functionality of graphene in DSSCs. For DSSCs, lower mechanical and optical properties are unfavorable for improving the performance of the transparent electrode, while defects also lead to more active carbon atoms and a larger surface area, creating opportunities for surface functionalization and decoration and, thus, improving DSSC performances. Ions introduced onto a graphene surface in many GO synthesis processes cannot be removed completely during reduction, which leads to higher surface resistivity of rGO compared with pristine graphene. The inferior conductivity of rGO may deteriorate electron transfer in the cell and/or lead to contamination of main cell components. On the bright side, surface modification on graphene sheets may change the chemical properties and enhance the reactivity of graphene sheets, which could be used to prepare high-performance hybrid material. Layer stacking is also an issue. It is challenging for most methods to provide pure monolayer graphene, and few-layer and even multilayer graphene sheets usually co-exist with monolayer ones. Multilayer graphene generally has lower transparency, although there are reports showing that more layered graphene has better conductivity (Wu et al., 2004) .
Three key factors that affect the DSSC photoanode efficiency have been extensively studied: photo-electron generation, charge carrier transfer, and surface reaction and reduction. The unique and outstanding properties of graphene are ideal for addressing these factors. For instance, it has been shown that graphene has an ultrahigh theoretical surface area of 2600 m 2 /g and high thermoconductivity of 5 × 10 3 W/m K. Long-range π-conjugation gives graphene exceeding electron mobility of ~1500 m 2 /V s at room temperature and a current density of ~1 × 10 9 A/cm
FiGURe 5 | The band positions of several semiconducting materials in aqueous electrolyte at pH = 1. The red dash line is about the work function of graphene (Gratzel, 2001 (Allen et al., 2010; Guldi and Sgobba, 2011; Mas-Balleste et al., 2011; Zhu et al., 2013) . For perfect graphene, it absorbs 2.3% of visible light with an extinction coefficient of about 10 8 mol/ cm 2 . Although pristine graphene has a zero bandgap, the quantum confinement effect theoretically allows graphene with the structure of a nanoribbon or a quantum dot [the so-called graphene nanoribbon (GNR) and graphene quantum dot (GQD)] to have a tunable band gap covering the whole solar light spectrum. This tunability in band gap makes graphene an attractive candidate for photo-electron generator. At the same time and more obviously, graphene offers a 2D conductive support path for electron transfer with a work function of 4.42 eV, which can enhance the electron transfer in photoanode materials and reduce the electron-hole recombination rate. Additionally, the large surface area creates more occasions for reactive group decoration and enhances the chemical reaction and reduction processes. These properties from graphene meet most requirements for building a high-performance DSSC photoanode.
DSSC PHOTOANODe APPLiCATiONS Transparent Conducting electrode
The transparent conducting electrodes (or current collectors) of a DSSC are often fabricated on a quartz substrate coated with TCOs (e.g., ITO and FTO), which have good stability, excellent electrical conductivity (sheet resistance Rs < 10 Ω sq −1 ), and good optical transparency (>80% for visible light) (Upadhyaya et al., 2013; Zhu et al., 2013) . But the cost of TCO can be up to nearly half of the total cost of a DSSC cell (Kalyanasundaram, 2010) . ITO can form a high-quality film with a smooth surface on glass but is more expensive than FTO. Additionally, the thermal stability of ITO films is limited to 350°C, above which SnO2 crystals peel off from glass substrates (Kalyanasundaram, 2010) . FTO films are more widely used in DSSCs, especially in TiO2-based DSSCs, as a high annealing temperature (e.g., 500°C) is required for cell fabrication. But the surface of FTO films is reported to be uneven, and it is usually difficult to form high-quality FTO films especially on organic substrates (Hudaya et al., 2012) . In addition to the fundamental requirements of mechanical integrity, conductivity, and optical transparency, research and future demand on flexible solar cells also calls for the bendability and stretchability of the cell electrodes.
Graphene has excellent electrical, optical, and mechanical properties that are attractive for making transparent conducting electrodes with a desirable performance. The high conductivity and the outstanding transparency provide graphene materials with a high potential to replace TCOs in the DSSC photoanode electrode. Graphene-based electrodes can potentially offer viable solutions to balancing the cost, surface uniformity, thermal stability, and flexibility (Nair et al., 2008; Kim et al., 2009a; Li et al., 2009) .
Some calculations show that the work function of graphene is ~4.42 eV, which is close to that of an FTO (4.4 eV) (Wu et al., 2004; Zhang et al., 2005; Li et al., 2009 ). FiGURe 7 | Schematic of the roll-based production of graphene films grown on a copper foil. The process includes adhesion of polymer supports, copper etching (rinsing), and dry transfer-printing on a target substrate. A wet-chemical doping can be carried out using a setup similar to that used for etching (Bae et al., 2010) . Copyright Nature Publishing Group, 2010. graphene work function. It can be seen that there are very small offsets between most semiconducting material conduction band edges and the work function of graphene, implying that graphene can work as a low energy loss electron shuttle to collect electrons from these semiconductors. Muellen et al. (Wang et al., 2008) pioneered in applying graphene as a transparent conducting electrode material to the photoanode in a solid-state DSSC. By dip-coating from a hot GO solution, their graphene electrode obtained a high conductivity of 550 S cm −1 and a transparency of more than 70% over a 1000-3000 nm range. The electrode structure and transparency compared with TCOs are shown in Figure 6 . The solid-state DSSC in this work had a power conversion efficiency (PCE) of 0.26%, which was lower than that of the FTO-based device (0.84%). This is mainly due to lower conductivity and optical transparency.
Most works on the current collector of the DSSC photoanode are focused on using GO or rGO. For this type of graphene electrodes, the thickness of graphene layer can be controlled by the coating process, and electrode quality is greatly affected by GO/ rGO properties and conductivities. The sheet resistance of these graphene electrodes commonly falls between 1 and 0.1 k Ω sq −1 , and the optical transparency at 550 nm is about 80% (Wu et al., 2004; Zhang et al., 2005; Kim et al., 2009a; Li et al., 2009; Song et al., 2014) . GO-or rGO-based electrodes can be easily fabricated on a large scale and can host different types of semiconducting layers. Ameen et al. prepared ZnO nanorods on a hot filament CVD grown GO (Ameen et al., 2012) and Farhangi et al. synthesized TiO2 nanowires on GO sheets in supercritical CO2 (Farhangi et al., 2012) . Roh et al. further used the Langmuir-Blodgett technique to prepare rGO and modify FTO films to decrease the charge recombination at the interface of TiO2 and FTO (Roh et al., 2015) .
Chemical vapor deposition provides another approach to preparing large-scale monolayer graphene sheets with a quality close to pristine graphene. Bae et al. (2010) reported the roll-to-roll production of 30-inch graphene films for transparent electrodes. Figure 7 schematically shows the roll-to-roll procedure of the graphene electrode preparation. Prior to preparing electrodes, a copper foil is rolled up and positioned in a tube furnace to synthesize graphene sheets by CVD; followed by the adhesion of polymer supports and copper etching, the graphene sheet is transferred onto a flexible polymer. The monolayer graphene electrode has resistance as low as ~125 Ω sq −1 and 97.4% optical transmittance. A four-layer stacked electrode shows resistance ~30 Ω sq −1 and transparency ~90%. These values are comparable with commercial TCO electrodes, although resistance is still high for DSSC electrodes. Most CVD prepared large-scale graphene sheets are grown on copper substrates and transferred to glasses by PMMA support. Selopal et al. reported DSSCs using CVD graphene in transparent conducting electrode combined with an N719 sensitizer and a TiO2 semiconductor film and achieved photo-conversion efficiency as high as 2%. The as-prepared photoanode transparency is higher than that of ITO-or FTO-based photoanodes; the comparison is shown in Figure 8 (Selopal et al., 2015) . Dong et al. also prepared graphene-based photoanodes on metal grids as transparent conductive material, which can be used as flexible large-scale substrates (Dong et al., 2014) .
As discussed before, graphene-based materials can potentially improve the transparency and reduce the surface resistance of transparent conducting electrodes. However, the transfer process of graphene sheets and the lowered mechanical strength due to defects may lead to easy cracking. Meanwhile, graphene and other carbon-based materials have been studied as high efficiency reduction catalysts and applied in CE. This catalytic reactivity may lead to a high ratio of electron waste when the graphene surface without proper coverage is exposed to the electrolyte, which is undesirable for a graphene electrode solely serving as a current collector. Since it still remains a challenge to prepare high-quality graphene or graphene-based material, graphene materials have also been used as an interfacial layer to enhance electrode performance instead of fabricating graphene-only electrodes (Kim et al., 2009b) .
Sensitizing Material
Graphene can serve as a sensitizing material in DSSCs since a sizeable bandgap can be opened up in graphene by quantum confinement. Indeed, as alternative to dye molecules, sensitizers based on pure graphene have been demonstrated by Yan et al. (2010) . They synthesized GQDs, each of which contains a graphene moiety with 168 conjugated carbon atoms and has an absorption edge of 900 nm. To overcome the insolubility and reduce aggregations, which are common for quantum dots, they attached flexible long chains of 1,3,5-trialkyl phenyl moieties to the edge of the GQD as shown in Figure 9A . They used GQDs for the sensitization of TiO2 in a regular DSSC. As shown in Figure 9B , the DSSC exhibited an open circuit voltage of 0.48 V and a fill factor of 0.58, while the short circuit current was only 0.2 mA cm −2 . So far, GQDs alone as sensitizers have not achieved high efficiency; however, as a co-sensitizer, GQDs can significantly improve the performance of common dyes. Typically, GQDs are prepared either using "bottom-up" synthesis from organic molecules or "top-down" cutting from various carbon sources (e.g., breaking GO sheets into small pieces). Zhu et al. (2015) and Lee et al. (2013a) fabricated GQDs by simply oxidizing herringbone-type carbon nanofibers and analyzed the photoluminescence behavior of GQDs mixed with N719 dye at different ratios. As shown in Figure 10A , GQDs possess an upconversion PL property. The upconversion emission band remains at around 525 nm, while the excitation wavelength changes from 600 to 750 nm. The GODs improve dye performance at different dye concentration and light wavelength, as compared in Figures 10B-D . This upconversion ability transfers longer wavelength photon energy to the center of highest efficiency of dye molecules and further improves the efficiency. The PCE was reported to enhance from 7.28 to 7.95%. Different co-sensitizing approaches have been studied by many groups. Gupta et al. (2011) and Routh et al. (2013) both studied GQDs combined with polymers. Routh et al. synthesized GQDs using a sono-Fenton reaction to break GO into small pieces in an aqueous environment and further fabricated composites with a water-soluble polymer. The efficiency was enhanced from 1.76 to 2.09%. Fang et al. prepared GQDs in different sizes to optimize the DSSC performance and obtained efficiency improvement from 5.1 to 6.1% (Fang et al., 2014) . Mihalache et al. recently explored GQDs as co-sensitizers with standard N3 dye and found that GDQs could enhance the charge separation and reduce recombination and transfer energy to N3 dye molecules (Mihalache et al., 2015) .
Photoanode Additive
Although it is still challenging to mass produce high-quality graphene at low cost, researchers can add a small number of graphene sheets as additives to semiconducting materials to enhance the electron transfer process in the photoanode. Similar works have been widely tested on CNTs and resulted in around 100% current increasing (Kongkanand et al., 2007; Yang et al., 2010) . Without carbon material support, electrons that are injected into TiO2 nanoparticles or other nanostructures may transfer around and need a much longer transfer distance. As shown in Figure 11 , a CNT provides a faster electron transfer path and significantly reduces the electron-hole recombination rate in the TiO2 material layer. Compared with CNTs in Figure 12 , graphene nanosheets create a much larger surface area to anchor TiO2 nanoparticles, and the photo-induced electrons can be captured and transferred in a more efficient way. Yang et al. (2010) reported that the short circuit current improved from 3.35 to 11.26 mA/cm 2 and total efficiency from 0.58 to 5.01% by introducing graphene additives into the TiO2 photoanode of DSSCs. After synthesizing and reducing GO sheets, the rGO sheets ranged from 0.2 to 2 μm in size (about 1 μm on average). By dispersing TiO2 P25 into polymersupported graphene water/ethanol solutions, TiO2 suspension was prepared for the photoanode formation. Different methods have been developed to improve the compatibility between graphene and semiconducting materials. Tang et al. (2010) reported the use of large-area rGO sheets with TiO2 on ITO through molecular drafting. The GO sheets that were synthesized using Hummer's method were pretreated with titanium butoxide before being reduced by hydrolysis. After electrophoretic deposition, the prepared photoanodes were soaked in traditional dye N719. The photoanode had better conductivity than a pure TiO2 structure, and the cell exhibited a short circuit current of 6.67 mA cm −2 , an open circuit voltage of 0.56 V, and a fill factor of 0.45. The PCE of the cell was 1.68%. Anish et al. (Madhavan et al., 2012) combined graphene with TiO2 nanofibers to increase the surface area and reported a short circuit current of 16.2 mA cm −2 , an open circuit voltage of 0.71 V, a fill factor of 0.66, and an efficiency of 7.6%, compared with pure TiO2 nanofibers at 13.9 mA cm −2 , 0.71 V, 0.63, and 6.3%, respectively. Semiconducting materials in other structures have also been investigated for the integration of graphene materials, such as TiO2 nanosheets (Fan et al., 2012) , TiOx interlayer (Yang et al., 2011a) , NiO/graphene composites (Yang et al., 2011b) , ZnO nanorods-graphene hybrid structures (Qurashi, 2015) , and so on. Some published works are summarized and compared in Table 1 . Bell et al. (2011) and studied the promoting effects of rGO and graphene additives, respectively. Wang's work clearly showed that the electron lifetime decreased from 17.6 to 6.4 ms by adding graphene, and ~0.7 wt% graphene addition led to the highest efficiency. When the graphene ratio is lower than 0.7 wt%, more graphene can further improve the electron transfer process; however, when the graphene is over 0.7 wt%, more graphene in contact with TiO2 may create more chances for recombination. He et al. (2013) and Zhang et al. (2014) also investigated the TiO2 particle size effects and the layer thickness effects on electron mobility in graphene-TiO2 composites. In He's work, as shown by c-AFM dark current images and nano I-V curves, when the TiO2 particle size decreases, a more continuous electron transport network is formed, resulting in a higher electron mobility in the smaller-sized TiO2-based composite electrode.
CONCLUSiON AND PeRSPeCTive
Compared with the massive studies on graphene-based materials in the CE of the DSSC, the depth and the width of research on employing graphene in the DSSC photoanode needs to be significantly extended, presenting rich opportunities to the researchers involved in the areas of graphene materials and DSSCs. On the one hand, the DSSC photoanode is related to more complex photochemical processes, which can be greatly affected by quantum hall effects and other properties of graphene sheets. Since the properties of graphene-based materials are highly dependent on the sizes, thickness, and surface conditions, the controllable synthesis of graphene materials with tunable morphology and adjustable properties is highly desirable but still challenging. On the other hand, while some graphene-based materials, such as GO and rGO, are good reduction catalysts for the CE, they may lead to high reduction reaction rate that can cause a huge loss of efficiency when used in the photoanode. However, many studies have already shown that graphene materials with appropriate structural, physical, and chemical properties can play important roles in solving many issues limiting the performance of DSSC photoanodes, either as an electron collection and transfer medium or as a photon absorption and sensitizing material. Further study on graphene can bring novel and better options to fabricating better DSSC photoanodes.
For graphene transparent conducting electrodes, the unsatisfactory transparency is mainly caused by multiple-layer graphene stacking and the high sheet resistance due to surface defects and oxidization. Better processing procedures are necessary to overcome these problems and enhance the chance for graphene to be used as feasible alternatives to TCOs in the DSSC photoanode. The strength and flexibility of graphene outperforms other flexible candidates. Further modification of graphene nanosheets may create a new generation of flexible electrodes. Considerable progress has been made on the preparation of graphene transparent conducting electrodes at the laboratory level; however, it remains a challenge to costeffectively produce high-quality graphene on an industrial scale for the practical use of graphene in transparent conducting electrodes (Bonaccorso et al., 2015) .
As a sensitizer in DSSCs, intrinsic graphene has a much lower efficiency than dyes or semiconductor quantum dots. But GQDs with better quality and size control can be a sensitizer potentially covering the whole visible light spectrum. GQDs can also be a great enhancement to the current photo-sensitizing structure, as well as an enhancement to all photoelectron-chemistry. As an additive in the semiconducting layer in the photoanode, pure graphene has been demonstrated to be a good option. Further modification to graphene sheets may bring more enhanced activity, and bandgap modification may reduce the current electrolyte reduction problem.
As a shining star, graphene, the newly found 2D material, already brings brand new opportunities, and it may further improve the DSSC photoanode, reduce the DSSC cost, and set a new record of energy conversion efficiency in solar energy applications. Meanwhile, the studies on graphene-based materials for DSSC photoanodes can be transformative to similar devices/ systems. For example, perovskite solar cells (PSCs) have recently drawn a lot of attention; (Service, 2014) since the structures of the PSC are similar to that of the DSSC, lessons learned from using graphene materials in DSSCs may be extended to PSC cell designs, fast tracking the development of this new type of solar cells.
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